ABSTRACT For a massive multiple-input multiple-output system in the multi-cell scenarios, it generally suffers from pilot contamination due to the fact that the adjacent cells may use the same pilot sequences. In order to reduce the impact of pilot contamination on the system performance, a novel iterative channel estimation method is proposed. Specifically, in the proposed method, besides the pilot sequences, the data symbols decoded with high reliability are selected to enhance the channel estimation. Furthermore, the selection criteria are derived to determine which data symbols are reliably decoded. The simulation results show that the proposed method can effectively improve the channel estimation accuracy and the error performance of the considered systems.
I. INTRODUCTION
In order to increase the spectral efficiency of wireless communication systems and meet the demands of high data rate multimedia services, multiple-input multiple-output (MIMO) technologies have been proposed and studied extensively. Recently, massive MIMO, also known as large-scale MIMO, has attracted a lot of attention. This is because that the massive MIMO systems can significantly increase the system capacity and energy-efficiency through the low-complexity linear signal processing, owning to the orthogonality among the users' channels. However, to take the above-mentioned advantages, it is critical that the base station (BS) has the complete channel state information (CSI), which is used to implement decoding. For the practical systems, CSI at the BS, in general, can be obtained through the channel estimation with the aid of pilot sequences. Obviously, when the channel estimation is not very accurate, the system performance will be greatly degraded, see [1] - [4] and references therein.
Generally speaking, the CSI for different users can be accurately estimated, provided that the pilot sequences of different users are orthogonal with each other. However, when multicell multi-user scenarios are considered, in order to ensure the orthogonality among the pilot sequences employed by different users in different cells, a large amount of resources are required and consumed, which results in large overhead. Hence, we have to assign the same set of pilot sequences to the users in different cells. When the users assigned the same pilot sequence simultaneously transmit their pilot sequences, they may interfere with each other. This phenomenon is known as the pilot contamination, which is one of the most serious problems in the massive MIMO systems [1] .
In order to reduce the impact of pilot contamination on the system performance, various pilot design methods and channel estimation algorithms have been proposed, for example, as seen in [5] - [13] . In [5] , it was shown that, under certain conditions on channel covariance matrix, the impact of pilot contamination can be eliminated when the number of transmit antennas goes to infinity. In [6] , based on the subspace projection, a novel channel estimation method was proposed. It was shown that, under some conditions on the coherence time, the impact of pilot contamination can also be mitigated. Furthermore, the eigenvalue decomposition based channel estimation algorithm was proposed in [7] , and the independent component analysis (ICA) based channel estimation algorithms were proposed in [8] and [9] . On the other hand, in [10] , pilot optimization and channel estimation were formulated as a minimization problem, which can be solved by using iterative algorithms. The pilot beam pattern design, which jointly employs the spatio-temporal channel correlation and signal-to-noise ratio (SNR), was investigated in [11] . In [12] , for spatial correlated Rayleigh fading channels, a pilot reuse scheme for single-cell massive MIMO systems was proposed, which can reduce the pilot overhead. Recently, a channel estimation method based on the firstorder statistics for superposition of pilot sequences was also proposed in [13] .
Similarly, this paper also focuses on the channel estimation for the massive MIMO systems when pilot contamination is taken into account. Specifically, an iteration based channel estimation method is proposed. For the proposed scheme, BS first estimates the channel with the aid of pilot sequences. Obviously, due to the existence of pilot contamination, the channel estimation errors may severely affect the data decoding. The BS has to use the estimated CSI to decode the received signals, although the estimated CSI might be not very accurate. However, it can be observed that there are still some data symbols decoded with high reliability when certain conditions (the details are given in Section III.B) are satisfied. With this observation, the paper derives a selection criteria to determine which data symbols are reliably decoded out. Then, these data symbols can be selected and added to the pilot sequences to form the new pilot sequences. Consequently, channels can be re-estimated with lower estimation error by using these new pilot sequences. The benefits of the proposed scheme are two-fold. First, the length of pilot sequences can become longer when these selected data symbols are added to the original pilot sequences. Second, a common pilot sequence, which is simultaneously used by users in different cells, would become different when data symbols are added to it, and therefore the impact of pilot contamination can be reduced.
The rest of the paper is organized as follows. In Section II, the system model is described. Then, the iterative channel estimation scheme is addressed in Section III. Section IV provides some simulation results to illustrate the achievable performance of the proposed iterative channel estimation scheme. Finally, Section V summarizes the main conclusions of our research.
Notations: For a matrix A A A, A A A T denotes its transpose, A A A H denotes its conjugate transpose, det(A A A) denotes its determinant, rank(A A A) denotes its rank, and tr(A A A) denotes its trace. Furthermore, A A A (i,j) denotes its (i, j)-th entry. Finally, I I I n denotes an (n × n) identity matrix.
II. SYSTEM MODEL A. REPRESENTATION OF THE RECEIVED SIGNAL FOR CHANNEL ESTIMATION
An uplink massive MIMO system with L number of cells is considered. We assume that each of the L cells has one BS, which is equipped with M receive antennas, and supports K independent single-antenna users. For the sake of simplicity, let the first cell be the desired cell without loss of generality. Furthermore, for convenience, we assume that the indices of all the L cells are ordered according to their distance to the first cell. For example, the second cell means that it has the nearest distance to the first cell, by contrast, the L-th cell has the longest distance to the first cell. The channel gains considered in this paper consist of two parts, one of which corresponds to the fading and the other corresponds to the path-loss and shadowing. Thus, the channel gain between the k-th user in the l-th cells and the m-th antenna of the BS in the first cell can be expressed as √ β mkl h mkl , where β mkl depends on the path-loss and shadowing, and h mkl represents the fading factor. Since β mkl is in general a function of distance between the transmitter and receiver, it is reasonable to let β mkl = β kl for m = 1, . . . , M , provided that the distance between the adjacent receive antennas is much less than the distance between the transmitter and receiver. Furthermore, we assume that the BS in the first cell has the knowledge of β kl for k = 1, . . . , K and l = 1, . . . , L. By contrast, the fading factors h mkl for m = 1, . . . , M , k = 1, . . . , K and l = 1, . . . , L are unknown to all of the users and BSs, and, for the sake of simplicity, they are assumed to be independent and identically distributed (i.i.d) circularly-symmetric complex Gaussian random variables with zero mean and a common variance of 1. However, the proposed method can also be applied to fading channels with spatial correlation. In this paper, we assume that each BS is aware of the existence of co-channel interference users.
The training-based transmission scheme is adopted in this paper. Hence, the transmission can be divided into two stages. At the first stage, channel estimation is implemented with the aid of pilot sequences, and then data symbols are transmitted and decoded at the second stage with the aid of estimated CSI. Particularly, at the first stage, BS estimates the CSI in the MMSE sense after receiving the signals corresponding to the pilot sequences. Assuming that the length of pilot sequences is τ , then the pilot sequences sent by the k-th user in the l-th cell is kl = φ kl,1 , φ kl,2 , · · · , φ kl,τ . Define
Thus, matrices l and are (K × τ ) and (KL × τ ) matrices, respectively. Here, l represents the pilot sequences collected from the K users in the l-th cell. The energies of the pilot sequences are normalized to satisfy
Based on the above definitions, for the BS in the first cell, the base-band observation matrix, which corresponds to the pilot sequences, can be written as
where ρ 0 represents the average received signal-to-noise ratio (SNR), and H H H is a (M × KL) channel matrix, which can 
be expressed as H H H
and
for l = 1, . . . , L. Then, B B B is a diagonal matrix, which can be expressed as
where (5), the estimated channel matrix, which is also referred to as the estimated CSI, can be given byĤ
in the MMSE sense.
B. REPRESENTATION OF THE RECEIVED SIGNAL FOR DATA TRANSMISSION
Assume that the coherence time of the channel is τ + T .
During the coherence time, besides the pilot sequence, each user can also transmit T number of data symbols selected from the QPSK constellation independently. Note that, the proposed method can be extended to other modulations with higher modulation order. At the time slot t of the data transmission, a data symbol transmitted by the k-th user in the l-th cell is denoted by x lk,t . Then, we collect the symbols transmitted by all of the K users in the same cell to form a data vector 
whereỸ
Because of (12),Ṽ V V can be viewed as the standard Gaussian noise matrix. Hence, at the time slot t, the linear processing matrix in the MMSE sense can be expressed as 
With the aid of G G G, the estimation to the x 1k,t at the time slot t is given bŷ
where 
III. ITERATIVE CHANNEL ESTIMATION METHOD
The schematic diagram of the proposed iterative channel estimation method is illustrated in Fig. 1 . For our method, the procedure of channel estimation with the aid of and data decoding with the aid ofĤ H H is first implemented, which is the same to that of the conventional training based systems. Then, some data symbols decoded out with high reliability are selected and added to the original pilot sequences to form the new pilot sequences, which are used to estimate channels again. Obviously, at this time, the error of channel estimation can be decreased. This is because that the length of pilot sequences is longer than that of the original ones, and pilot sequences used in different cells might be in different forms due to the added data symbols. Furthermore, as shown in Fig. 1 , the proposed iterative channel estimation method is a one-step iterative method, resulting in the increase of complexity being not significant.
A. SELECTION CRITERIA OF DATA SYMBOLS
Before considering the selection criteria for data symbols picking, let us first have a close look at the data decoding for all of the KL users at the BS in the first cell. At the t-th time slot, the estimation in the MMSE sense to the k-th user in the first cell can be obtained through (16). Sincex 1k,t has been obtained, in the MMSE sense, the estimation to the k-th user in the second cell can be given bŷ
And so on, for the k-th user in the (L − 1)-th cell, the estimation can be given bŷ
Finally, during the T time slots, BS can obtain T groups of decoded data symbols for the k-th users in different cells. In each of the T groups, there are L − 1 number of decoded data symbols, which correspond to the k-th users in the first L − 1 cells. The reason for considering the data decoding shown in (16), (17) and (18) is that, for k = 1, . . . , K , the k-th users in all of the L cells share the same pilot sequence, and hence the interference among these users is much severer.
Assume that the data symbols transmitted by the users in the different cells are all selected from a same QPSK constellation, which is QPSK = {(1 + j)/
. Now, let us consider the symbol selection criteria.
Based on the data decoding shown in (16), (17) and (18), the selection criterion for data symbols with high reliability is proposed. As shown in Fig. 2 , when considering the QPSK modulation, based on the decoded datax 1k,t , the estimation to the transmitted symbol of user k in the second cell should be in the region of D 1 , i.e.,x 1k,t =x 2k,t , the decoded data symbolsx 1k,t andx 2k,t are capable of achieving high reliability. And so on, at the time slot t, for the k-th users in the first L − 1 cells, the decoded symbols satisfying the conditionx
are capable of achieving high reliability, and can be selected to form the new pilot sequences with the original pilot sequences. Note that, the constellation shown in Fig. 2 is the combining of the constellations of x lk,t for l = 1, . . . , L − 1 when considering the path-loss and shadowing. By contrast, the symbol transmitted by the L-th cell is not required to be the same to that of the first L − 1 cells. The reasons are, first, the L-th cell has the longest distance to the first cell, the path-loss is very severe, resulting in low reliable decoding out. Second, the condition shown in (19) can be more easily achieved than that ofx 1k,t =x 2k,t = · · · =x Lk,t . For the k-th users in the first (L − 1) cells, assuming that, at the time slots t 1 , t 2 · · · , t m , the decoded symbols satisfy the condition of (19), thenx Lk,t i for i = 1, . . . , m can be obtained with the help ofx 11,t i , . . . ,x (L−1)K ,t i , i.e., all of the decoded symbols in the first (L − 1) cells. LetŜ S S t i =
matrix. Furthermore, we collect the received signals corresponding to the time slots t 1 , t 2 , · · · , t m to form a matrix, which can be expressed asỸ
Then, for the time slot t i , we can havê
whereŷ y y L,t i is a signal vector corresponding to the L-th cell without interference from other cells, provided that the data symbols sent by users in the first (L − 1) cells are correctly decoded. Then, the data symbols transmitted by the users in the L-th cell can be decoded fromŷ y y L,t i . The estimation in the MMSE sense can be expressed aŝ
which is added to the last entry ofŜ S S t i for i = 1, . . . , m,
. Then these vectors are collected to
B. ITERATIVE CHANNEL ESTIMATION
After obtainingX X X d , we further select s number of columns fromX X X d , and then these columns and are used to construct a new pilot sequence matrix F F F, which can be expressed as
wherex x x n 1 ,x x x n 2 , · · · ,x x x n s are selected to maximize the rank of F F F. where W W W 00 is the corresponding Gaussian noise. Based on the (24), the channel can be re-estimated aŝ
in the MMSE sense. Note that, since the symbol selection is only for the k-th users in all of the L cells. The channel re-estimation can only improve the channel estimation performance of the k-th users in all of the L cells. Hence, the above procedure should be repeated K times for all of the KL users.
With the aid of the re-estimated channel matrixĤ H H d , the decoding matrix in the MMSE sense can be updated as 
Hence, the estimation to the x 1k,t at the time slot t, which is transmitted by the k-th user in the first cell, is now given bŷ
, and the other is QPSK 1 = exp(jπ/4) × QPSK. For the sake of convenience, the channel estimation method based on the selection criterion shown in (19) is referred to as the method 1, and the channel estimation method based on the selection criterion shown in this section is referred to as the method 2. As shown in Fig. 3 , when the users in the first cell adopt QPSK and the users in the second cell adopt QPSK 1 , based on the decoded datax 1k,t , the estimation to the transmitted symbol of user k in the second cell should be in the region of D 1 , the decoded data symbolsx 1k,t andx 2k,t are capable of achieving high reliability. At this time, we have ||x 2k,t −x 1k,t || 2 = 2 − √ 2. And so on, at the time slot t, the decoded symbols are capable of achieving high reliability, provided that they satisfy the condition expressed as
Obviously, there are more than one constellation points can satisfy the above equation. We can choose different symbols, and F F F can therefore achieve higher rank much more easily.
IV. SIMULATIONS
In this section, some simulation results are provided to show the effectiveness of the proposed method. We assume that the VOLUME 6, 2018
system has 3 cells, each of which has 3 single-antenna users and a BS equipped with M antennas. Different cells use the same frequency resource, i.e., co-channel interference exists. The coherence time of the channel is assumed to be T + τ = 128 + 3. The channel estimation error (CEE) performance and the symbol error probability (SEP) performance achieved by the proposed methods are compared with those achieved by the conventional channel estimation method in the MMSE sense. In this paper, channel estimation error is defined as
In all of the following simulations with the proposed estimation scheme, only one-step iteration is implemented. From Fig. 4 and Fig. 5 , it can be observed that the proposed methods can achieve better CEE performance. Specifically, although the matrix F F F obtained from the method 1 cannot achieve the full-rank, there generally exists rank(F F F) rank( ). Hence, the accuracy of channel estimation can be improved. By contrast, since F F F obtained from the method 2 can generally achieve the full-rank, the accuracy of channel estimation can be significantly improved.
From Fig. 6 and Fig. 7 , we can also obtain the same conclusion to that observed in Fig. 4 and Fig. 5 . This is because that SEP performance heavily depends on the accuracy of channel estimation. Furthermore, in comparison with the results shown in Fig. 6 and Fig. 7 , we can observe that increasing the number of receive antennas results in slight performance improvement.
V. CONCLUSIONS
An iterative channel estimation method is proposed in this paper. In order to mitigate the impact of pilot contamination and increase the accuracy of channel estimation, some decoded symbols, which are selected according to the proposed selection criteria, are added to the pilot sequences to form the new pilot sequences. Since the new pilot sequence matrix has higher rank than that of the original pilot sequence matrix, the accuracy of channel estimation can be improved when the number of cells is small, thereby improving the system performance. The complexity of the proposed method is slightly higher than that of the traditional channel estimation method, but the simulation results show that the proposed method can not only significantly improve the channel estimation accuracy and system SEP performance, but also reduce the impact of pilot contamination and the system error floor.
